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  ∂ φ   (v φ )     t a + ∇ a a = R
  ∂ φ   (v φ )     t o + ∇ o o = 0
  ∂ φ   (v φ )     t y + ∇ y y = 0  
(ii) force balance on each phase  i , which is in frictional contact with the other two phases  j  with 
corresponding force  proportional to their local difference in velocity and relative(v ),  φ φ ξi j ij i  − vj  
friction coef icient  ;ξij  
(iii) constitutive equations for the rheological behavior of each of the three phases. The ooplasm 
and YGs were taken as simple  luids of viscosity   and  , while the rheology of F‑actin wasηo ηy  
described by the aforementioned active gel theory  ,  where  is the stress in∇ v χφ  σa  = ηa  a  +   a σa   





actomyosin‑ooplasm and actomyosin‑YGs friction coef icients (  and  , respectively) was foundξao ξay  
to play a crucial role in the resulting dynamics in this 3‑component description: if both coef icients 













































































































































































































































































































































































(  ,  centre, blue arrows) and the ooplasm (  ,  right, green arrow).  and  indicatef ay f ao dyg mesh  dactin mesh   
the mesh size of YGs and bulk actin, respectively. Light green area in the microscopic scale indicates 
the area experiencing the friction induced by actin on the ooplasm. ( B ) Predicted relative velocities 
of ooplasm to actin ( ) as a function of the relative friction coef icients (  / ) accordingV  V o/ a ξao ξay  
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viscosity with  , where  is radius of the pipette,   the applied pressure and  theLasp = 3πη
R (P−P )p c Rp P P c  
critical pressure. When the pressure is released, the the slope of the ooplasm retraction velocity 
depends on the viscosity with  . From the aspiration and retraction rates, viscosity canLret = 3πη
R (P )p c  










immersion lens. The bleached area was set as a rectangle of 41.5 x 8.3   size. The time course ofmμ 2  
 luorescence recovery was tracked by measuring the average intensity of the bleached area over 
time. The normalized intensity measurements were  itted as described  (Ellenberg et al. 1997) based 
on the following relationship:  , where w is the width of the bleached(1 )  I = a0 + a1 −√ w2w +4πDt2  
rectangle. Ooplasm viscosity was determined by implementing the available hydrodynamic radius 
of 70 KDa Dextran (about 6nm (Armstrong et al., 2004)) and the measured diffusion coef icient into 















































) to mark ooplasm  lows and top: treated with DMSO (left), Nocodazole (middle, 50 ) ormμ g ml  μ /  

















































































































































































































































































































































KEY RESOURCES TABLE 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Bacterial and Virus Strains    
Biological Samples   
Chemicals, Peptides, and Recombinant 
Proteins 
  
Cytochalasin B Sigma Cat# C6762; CAS: 
14930-96-2 
Nocodazole Sigma Cat# M1404; CAS: 
31430-18-9  
Jasplakinolide Tocris Bioscience Cat# 2792; CAS: 
102396-24-7 
SMIFH2 Sigma Cat# S4826; CAS: 
340316-62-3 
CK666 Sigma Cat# SML0006; CAS: 
442633-00-3 
DMSO Sigma Cat# 276855; CAS: 
67-68-5 
PD0166285 Abcam Cat# 219507 ; CAS: 
185039-89-8 
Dinaciclib Selleckchem Cat# S2768 ; CAS: 
SCH727965 
NileRed ThermoFisher Cat# N1142; CAS: 
7385-67-3 
Dextran, Alexa Fluor™ 488; 10,000 MW, 
Anionic, Fixable 
Invitrogen Cat# D22910 
Dextran, Fluorescein, 70,000 MW, Anionic ThermoFisher Cat# D1823 
Critical Commercial Assays   
Deposited Data   
Experimental Models: Cell Lines   
Experimental Models: Organisms/Strains   
Zebrafish: Tg(actb1:Utr-GFP) Behrndt et al. 2012 RRID: ZFIN_ZDB-
TGCONSTRCT-
130206-3 
Zebrafish: Tg(actb1:Utr-mCherry) Behrndt et al. 2012 RRID: ZFIN_ZDB-
TGCONSTRCT-
130206-3 
Zebrafish: Tg(actb1:myl12.1-GFP) Behrndt et al. 2012 RRID: ZFIN_ ZDB-
TGCONSTRCT-
130108-2 
Zebrafish: Tg(XlEef1a1:dclk2-GFP) York et al. 2012 RRID: ZFIN_ ZDB-
TGCONSTRCT-
090707-1 
Zebrafish: Tg(actb1:mNeonGreen-Rac1a) This study N/A 
Zebrafish: dchs1bfh275 Li-Villarreal et al. 2016 RRID: ZFIN_ ZDB-
ALT-090715-2 
Zebrafish: dchs1bfh275, Tg(actb1:Utr-GFP) This study N/A 
Oligonucleotides   
Recombinant DNA   
Key Resource Table
 
pCS2-Chk1 plasmid for mRNA synthesis This study  
pCS2-ras-GFP plasmid for mRNA synthesis Morita et al. 2017 N/A 
pCS2-CAMypt plasmid for mRNA synthesis Smutny et al. 2017 N/A 
Software and Algorithms   









GraphPad Prism  
 
GraphPad Software https://www.graphp 
ad.com/scientific-
software/prism/ 
Matlab Matlab Software https://www.mathwork
s.com/products/matlab
.html 
Ilastik Sommer et al. 2011 https://www.ilastik.org/ 
PIVlab Thielicke and Stamhuis 2014 https://pivlab.blogspot.
com/ 
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In this Supplementary Theory Note, we provide details on the theoretical approach used to de-
scribed the mechanics of yolk granule (YG) and fluid/ooplasm segregation, as well as the numerical
implementation of the model in one and two dimensions.
1 Three-component hydrodynamics
1.1 Conservation laws
We first write the general constitutive equations for the three-component mixture of actin filaments,
fluid and yolk granules, which compose the early embryo. We denote φa, φo and φy respectively the
volumetric densities of actin filaments, ooplasmic fluid and yolk granules, adopting a coarse-grained,
continuum approach (1, 2), i.e. valid for length scales L at which the yolk granules can be treated
as a continuum (L > 101µm in orders of magnitude). We first write conservation equations for all
three phases:
∂tφa +∇(vaφa) = R(φa,φo,φy)
∂tφo +∇(voφo) = 0
∂tφy +∇(vyφy) = 0
(1)
where we did not include any source terms for the fluid or yolk-granule phase, but a source
term for the actin filaments due to polymerisation from a cytoplasmic pool of actin monomers (2).
We choose not to model actin monomers explicitly, as they are expected to diffuse fast on the time
scales of the processes described here (tens of minutes to hours), and thus lump them with the
cytoplasmic fluid phase. We also note that this means we could include this as a source term in the
equation for the fluid, however, as φa φo in these systems, this can be neglected and we assume
monomeric actin is always in excess. This also allows us not to model explicitly the exchange of
monomers between the cortical and bulk actin populations observed in vivo during the oscillatory
cycle phase. The components fractions can be thus be related by φa +φo +φy = 1≈ φo +φy.
1.2 Force balance
The next stem is then to write force balance for each three phases, in the absence of inertial effects:
∇.σa−φa∇p = fa
∇.σo−φo∇p = fo
∇.σ y−φy∇p = fy
(2)
where σ i and fi are resp. the stress in, and external force applied on, the i phase, with p the
pressure which acts as a Lagrange multiplier in the system to ensure incompressibility, and which
is weighted by the respective fractions of each phase φi, as classically assumed in mixture theory
citeWeber. We note that an alternative definition would be to include the fractions φ within the
divergence, although the effects that we consider are at linear order and would thus not be affected
by this choice. Finally, we consider that fa+ fo+ fy = 0 (no external forces applied on the system),
which is reasonable for the bulk of the oocyte, given our data demonstrating that cortex and oocyte
shape changes are dispensable for phase segregation (Figure 2).
1.3 Constitutive equations
Thirdly, we must then specify constitutive relationships for the stresses in each of the three phases.
A first hypothesis for the rheology of the yolk granules would be to consider it elastic, and
thus see the fluid exiting the yolk granule phase at the vegetal pole as an example of Terzaghi
consolidation, i.e. the classical model of poroelastic fluid flow under external forces (4) (applied
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for instance by actin on the boundary between the fluid-YG phases). However, a number of
experimental evidences ruled out this hypothesis. Firstly, Terzaghi consolidation would predict a
diffusive process on the fluid flow profile within the embryo in time (i.e. that the length scale of fluid
flow should increase in time in a diffusive manner). However, this was at odds with the observation
of a well-defined length scale of flows from the onset of phase separation (Figure S5J). Secondly,
when we probed directly the rheological properties of the YG phase via micropipette aspiration, we
found a constant speed of aspiration, consistent with simple newtonian viscosity (Figure S5I-I”).






(∂iv j +∂ jvi) (3)
with ηy ≈ 30Pa.s (Figure S5I-I”) the viscosity of the YG phase.
For the fluid phase, we also make the classical assumption of isotropic fluid of low viscosity, so
that fluid stress simply reduces to the fluid pressure (σoi j negligible).
Finally, for the actin filament phase, we use the isotropic active gel theory (lumping actin and







(∂iv j +∂ jvi)+χφaδi, j (4)
where χ is the active contractility arising from actomyosin contraction, ηa the viscosity of the
actomyosin gel, and where we linearized the active contraction term χφa. The sum of all stresses
must be equal to the total pressure p0, given by boundary conditions in 1D.
1.4 External forces
Fourthly, we must specify the functional form of the external forces applied on each phase by
the other two, which arises from frictional terms, and thus scales at linear order as the difference
between the velocities of each phases
fa =−ξaoφaφo(vo− va)+ξayφaφy(va− vy)
fo = ξaoφaφo(vo− va)+ξoyφoφy(vo− vy)
fy =−ξayφaφy(va− vy)−ξoyφoφy(vo− vy)
(5)
which suitably sum to zero, and where ξi are the friction coefficients between each of the
three pairs of components. In principle, both the viscosity and friction coefficients could have
more complex dependencies on the fraction of each phase (and thus evolve as a function of phase
segregation). However, here, we restrict ourselves to this linear theory, in order to emphasize the
core mechanisms of phase segregation.
1.5 Source term on the actin gel
Finally, these equations must be complemented by a functional form for the source term due to actin
polymerization/depolymerization. In the simplest case, polymerization and depolymerization in the






φo), where the polymerization rate
is proportional to the local fraction of fluid (as this dictates monomer availability), and assuming
first order kinetics with rate τa around an homeostatic density φ
0
a .
2 Parameter-fitting and simplifying hypotheses
2.1 Friction coefficients
We now turn to the data to constrain some of the parameters of the model. A key feature of the
model is clearly the relative strength of the frictional couplings ξi between each phase, which we
estimate here.
The frictional coupling ξao between fluid and actin polymer is the easiest to estimate, as its
classical expression reads ξao =
ηo
l2a
, where ηo is the viscosity of the cytoplasmic fluid permeating the
gel, and la a characteristic mesh size of the actin gel (2). From the literature, constrained estimates
of these parameters can be found as la ≈ 40− 100nm (10–12) and ηo ≈ 10−2− 1 Pa.s (13–16).
However, we sought to constraint this further by measuring the viscosity of the fluid at microscales,
by performing FRAP analysis on Dextran molecules of known radius (see Methods and Figure
S5F,F’ for details), which gave ηo ≈ 2.10−2 Pa.s.
We note that this value matches extremely well with a previously obtained viscosity value in
the same system (13), based on nanoparticle tracking (ηo ≈ 0.03 Pa.s), and consistent as well
with values for streaming Drosophila oocytes (14). This results in an estimation for the actin-fluid
friction coefficient of
ξao ≈ 2.1012−1013 Pa.s.m−2 (6)
Secondly, the frictional coupling ξoy between fluid and YG phase can be estimated in a similar
way as the fluid-actin coupling, by assuming that in the bulk of the embryo, the fluid fraction is
small within the YG phase, thus permeating it and leading to ξoy =
ηo
l2y
, where ly is the characteristic
mesh size of the YG phase. From the data ly ≈ 15µm (Figure S5H), leading to a friction coefficient
4-6 orders of magnitude below ξao:
ξoy ≈ 108 Pa.s.m−2 (7)
The frictional coupling ξay between the actin gel and the YG phase is slightly harder to estimate,
as it depends on the exact nature of the interactions between the two phases (and whether for
instance the actin gel can be seen as a simple fluid permeating the YG phase, without specific




with ηa the viscosity of the cytoplasmic actin gel. Again, as this is an essential part of the model,
we sought to measure this viscosity, which needs to be measured at the mesoscale (i.e. at length
scales much larger than the mesh size of F-Actin gels). We thus resorted to micropipette aspiration
in the blastodisk (which is clear of yolk granules, simplifying the analysis), during the process of
phase segregation, and at short-time scales (1 min) relevant for the time scales of F-Actin flows
in vivo. These measurements were consistent with a Newtonian fluid, with a viscosity three orders
of magnitude larger than the fluid (see Methods and Figure S5G,G’ for details), and gave us an
estimate of ηa ≈ 40Pa.s. Interestingly, our estimates, at the micro- and meso-scales, are within
similar orders of magnitude from classical rheological measurements of cytoplasmic extracts from
Xenopus eggs (17) (which measured a fluid viscosity at microscales of 20 mPa.s, and F-Actin-
dependent mesoscopic viscosity of the egg of order 1− 5 Pa.s). However, to confirm that the
viscosity we were measuring did come from the actin cytoskeleton, we repeated these experiments
in embryos treated with Cyto B (which interferes with the actin cytoskeleton). Importantly, this
resulted in a drastic reduction of the measured viscosity (Figure S5G’,G”), consistent with a key
rheological contribution of F-actin in the experiment.
Combined, these measurements provide an estimate for the friction coefficient:
ξay ≈ 4.1011 Pa.s.m−2 (8)
which is interestingly, intermediate between the two other friction coefficients, although still at
least an order of magnitude smaller than the lower bound of ξao.
One should note however that this estimate of ξay should be seen as a conservative upper-bound.
Indeed, the interactions between polymers and surfaces often involve the formation of low-viscosity
boundary layers of fluid, which tend to diminish the effective interaction. Consistent with this, we
find that the actin velocity does not vanish at the boundary with yolk-granules (Figure 4C and
Movie 9), indicative that classical no-slip boundary conditions from simple fluids are not valid, and
consistent with a lower effective friction ξay compared to the estimate above.
These orders of magnitude suggest that fluid and actin gels will tend to move together, given
that their friction coefficient is larger than the other interactions.
2.2 Limiting case of negligible actin-granule friction
To give additional insights into the dynamics, we first consider the limiting case, where the frictional
force on actin fa is small compared to the other forces acting on the actin gel (i.e. vs. the active
and viscous stresses). This is motivated by the fact that actin flows propagate over very long
distances, of order of the embryo size, arguing for a large hydrodynamical length for the actin gel.
This case is particularly convenient, as the equations for actin decouple from the rest of the








which displays a contractility-driven instability, leading to large scale actin flows (on the length
scale of the system size). Note that we added a small diffusive flux with coefficient Da, which
does not impact the key features of the resulting dynamics, but is required for stability viz. high
wavenumber modes (6). In turn, this non-zero actin velocity va imposes a frictional force Fa(x) on
both the fluid and YG phases. Moreover, in 1D, the equations are drastically simplified by the fact
that the conservation of phases (φo +φy ≈ 1), coupled with no-flux/clamped boundary conditions
can be translated, by combining it with the conservation equation and integrating once, into a
relationship between speeds of fluid and YG: φovo ≈ −φyvy, i.e. the global barycentric velocity is
zero in the system. In 2D, one only gets ∇.(φovo +φyvy) = 0, which allows for instance for vorticity
(see two-dimensional numerical integration of Figure 7). One can then subtract the force balance




vy) = ξayφaφy(vy− va) (10)
Assuming a 1D domain x ∈ [0,L], with vy(0) = 0 (no flux in the vegetal pole), σ y(L) = 0 (zero
stress at the yolk-granule-blastodisk interface), and a constant F-Actin velocity va, combined with














(where we defined the global
friction coefficient ξt =
φaφy
φo










meaning that the fluid flows together with the actin if and only if the fluid-actin friction coef-
ficient is larger than the YG-actin friction coefficient. We recover the familiar limits of vo = va if
ξao ξay, and vo =−φy/φova (which corresponds to vy = va) if ξao ξay.
In the relevant regime here of ξao ξay, this means that the frictional forces acting on actin





which corresponds to the geometric mean of the two friction coefficients acting on actin fila-
ments. Given that we have deduced, from orders of magnitude in the section above, that ξao ξay,




vaξay = ξe f f va (15)
i.e. that the actin network experiences a friction from the YG only, given that F-actin drags
the ooplasm along. Although, for the reasons mentioned above, the effective YG-actin friction
ξay is hard to estimate precisely, we will thus fit it from the data, as the theory predicts that the






This fitted well with the experimental data for the ooplasm speed profile during the first wave
(Figure S5J), allowing us to infer the length scale λ ≈ 160±13µm (we found similar values in the
range of 150−200µm for the subsequent waves). From the measurements above of ηa ≈ 40 Pa.s,
this pins the effective YG-actin friction coefficient to a value which is two-orders of magnitude
smaller than estimated from an ideal permeating fluid assumption:
ξ
e f f
ay ≈ 109 Pa.s.m−2 (17)
We will thus used this inferred value of ξay in all the rest of this Theory Note.
2.3 Numerical integrations of the model in 1D for wild-type oocytes
We thus simulated in one-dimension Eq. 9, together with the conservation equation Eq. 1 for the
fluid phase. As we are interested primarily in the bulk mechanisms of phase separation, we take
clamped, no-flux boundary conditions on both the blastodisk-yolk-granule interface and vegetal
pole. From our measurements, we set L = 500µm the size of the egg and φ 0o = 0.2 the initial
fraction of fluid in the bulk of the oocyte (Figure 1A,4A and 6E), as well as ξ e f fay = 109 Pa.s.m−2
and ηa = 40 Pa.s from the measurements described above. We also assumed τa ≈ 30 s from past
orders of magnitude (11), and Da ≈ 1µm2.s−1 (required for stability, although we performed a
sensitivity analysis to check that this value had little effect on the dynamics when increasing or
decreasing it by an order of magnitude). These values can be rationalized as they yield a length
scale of
√
Daτa ≈ 5µm in the conservation equation, comparable to filament size.
We then performed numerical integration of these equations with a spatiotemporal varying con-
tractility χ(x, t) = χmax f (x/L− t/T ), i.e. a propagating wave of contractility (chosen sinusoidal)
with the measured period T = 17min (see Figure 3), for different values of maximal contractility
χmax. As the characteristic velocity of F-Actin flows is around va ≈ 10µm.min−1, we found that
values around χmax = 0.1−0.5Pa yielded realistic velocity profiles (Figure S6C,E), with the simula-
tions of Figure 6 and Figure S6 performed with χmax = 0.2Pa). One should note that this value of
contractility is very low compared to measurements from cortical F-actin (as was the case for the
viscosity that the bulk F-actin phase inferred from aspiration experiments), which might have to
do with the specific architecture of filaments in the cortex.
Nevertheless, this value of χmax can also be drastically constrained from the laser-ablation data.
Indeed, numerical integration of the mechanical part of Eq. 9, where F-Actin concentration is a
Heaviside function (to mimic a localized laser ablation severing the actomyosin network) predicts
an instantaneous recoil velocity profile decaying on the length scale
√




. As we measured vmax ≈ 1µm.s−1 during the peak of the actomyosin wave in
the egg (Figure S1E,F), this predicts
χmax ≈ 0.4Pa (18)
in good quantitative agreement with the values inferred from fitting the velocities of F-Actin flows
during the segregation process.
It should be noted that we have modelled the traveling F-actin wave as a contractility wave
here, based on the laser-cut experiments of Figure 4E,F showing that contractility increased during
the wave, from values close to zero prior to the wave. This neglects the fact that the wave also
locally increases F-Actin concentration itself. However, as we have pooled F-actin and MyosinII in
a single variable within our descriptions, the approximation is warranted, and we have verified that
adding a polymerization component to the wave does not change qualitatively our findings.
Finally, we perform the numerical simulations for wild-type oocyte taking into account a spatially





) f (x)−φa), described by a function f (x) = 1+ae−x/λ and
fitted from Figure 4A,A’ (with a≈ 1 and λ ≈ 100µm). Importantly, this leads to robust ooplasm
accumulation at the animal pole within a few oscillation cycles (Figure 6A and Figure S6C-C’),
and reproduces the experimental phenomenology of depleting first the regions closest to the animal
pole, before pulling it more distant regions gradually. To account for the noisy profile of fluid
fraction observed initially experimentally, we also added noise to our initial conditions, to examine
the influence on the resulting segregation dynamics. Strikingly, this reproduced well the data, with
gradual coalescence on neighboring fluid accumulation, and a subsequent and gradual oscillating
movements of ooplasm-rich regions towards the animal pole (Figure 6B).
2.4 Numerical integrations of the model in 1D for drug treatments
Finally, in order to model drug treatment as well, and in particular to mimic Cytochalasin B or
Jasplakinolide treatment (Figure 6C-E and Figure S6), where the pre-patterned bulk actin gradient
is reduced, we performed the same simulations, keeping all parameters constant except setting a= 0
(no pre-patterned actin gradient). Simulations without noise revealed a progressive accumulation of
ooplasm and F-actin towards the center of the oocyte (Figure 6C and Figure S6E,E’), while adding
noise again gave rise to a similar phenotype of progressive coarsening of ooplasm/actin accumulation
(Figure 6F). Again, plotting these simulations as kymographs revealed good agreement with the
data (Figure 6F). Depending on the initial conditions, one could also observed partial accumulation
of ooplasm at the animal pole (together with the formation of central pockets), something that
was also observed experimentally in drug treatments (Figure 6E).
To be more systematic in understanding the influence of a pre-patterned gradient on phase
segregation, we performed a sensitivity analysis on parameter a (relative strength/amplitude of
the gradient). We thus did a parameter sweep in a, performing for each value 50 numerical
simulations (starting each time from different random initial conditions, and keeping all other
parameter constant). We then computed after three numerical oscillations of F-Actin how much





0 φo(x,T )dx, where lani is the size of the animal pole (which we approximated
as L/20, although the exact value does not influence the findings). Results are presented in Figure
S6A. Importantly, this demonstrated that for wild-type, accumulation of ooplasm at the animal pole
was rather insensitive to the exact amplitude of the pre-patterned gradient a, as even moderate
values of pre-patterning gradients are enough to robustly bias the dynamics of fluid towards the
animal pole. However, this confirmed that for lower values of gradient amplitude, animal localization
of ooplasm is lost. Interestingly, turning back to the data, we found that Jasplakinolide treatment
resulted in a milder change in the pre-patterned gradient than Cytochalasin B. We then sought
to check whether this would translate, as we would predict, in differences in ooplasm localization
by quantifying more Jasplakinolide-treated embryos (Figure S6D). Importantly, we found that the
Jasplakinolide phenotype was in fact intermediate, with around 70% of embryos showing a central
ooplasm pocket (as in Cytochalasin treatment), while around 30% of embryos showed a ooplasmic
pocket closer to the animal pole. In contrast, in wild-type (resp. in Cytochalasin), the ooplasm
accumulation was always located in the animal pole (resp. the center) of the oocyte (Figure S6D).
Finally, because robust localization still occurs in confined embryos (Figure 2A-E), we verified that
the pre-patterned actin gradient was still present in this condition (Figure S5A). Because confined
embryos have flat surfaces, this further strengthened our confidence that the gradient was not
an imaging artifact from the spherical geometry of the embryo (a conclusion confirmed by the
disappearance of the gradient in Cytochalasin B treatment despite the absence of geometrical or
compositional changes in the oocyte). Together, these analyses therefore strengthened the link
between F-actin pre-patterned gradients and ooplasm localisation.
Finally, to model the effect of changing contractility (downregulation in the case of the CA-
Mypt experiment), we also tested how the velocities profiles were modified during the first wave
when either increasing or decreasing contractility χmax by 40%. As expected, halving contractility
had the effect of nearly halving the velocity profiles (Figure 5E), as in the experimental comparison
of WT vs. CA-Mypt (Figure 5G,G’).
As a whole, this analysis demonstrates that contractility-drive actomyosin flows in a multiphasic
medium can be used to drive phase segregation in a generic way via the differential friction of
actomyosin networks on each phase of the system. We further constraint the parameters of the
theory to demonstrate that this mechanism explain the observed spatiotemporal dynamics of phase
segregation.
2.5 Numerical integrations of the model in 2D
To numerically integrate the model in two-dimensions, we used a finite element methods (via the
Freefem+ software). However, we made a number of simplifying assumptions to provide insights
into the swirling dynamics observed in yolk granules. In particular, given the results of the one-
dimensional model (see above), we grouped F-actin and fluid into a single phase, and concentrated
solely on the static solution of the Stokes equation describing the yolk-granule phase (viscosity ηy,
with steady state friction force from the F-actin/fluid velocity va(x,y), taking x along the animal-
vegetal axis and y its perpendicular). Guided by the results described above, we took the functional
form va(x,y) = vme−x/le−y
2/2/s2 , with vm setting the scale of velocities, l the hydrodynamical length
of velocity decay (inferred as mentioned above from Figure S5J). Moreover, as discussed in the
main text, we found that the fraction of fluid and F-actin initially in the egg was larger towards
the center of the egg (y = 0, see Figure 4A), which we model as a Gaussian center around the egg
center and of width inferred at s≈ 200µm. This means that the yolk granules will experience larger
frictional forces in the center of the egg, which leads generically in 2D to swirling motions.
Figure 7A and 7I (right panel) displays a numerical integration of the granule velocity profile
for vy = 0 boundary conditions around the egg, and σ y = 0 at the blastodisk yolk-granule interface
(BYI). Such a boundary condition at the BYI is motivated by the fact that there can be a non-
zero velocity at such a fluid-fluid interface, contrary to around the egg cortex. This leads to
positive velocities in the center of the BYI and negative velocities in its periphery, closely mirroring
experimental data of Figure 7I (left panel). However, as discussed in the main text, such a stress-
free condition might not generically hold, in particular in the presence of extensive F-actin comet
formation at the interface, which is expected to rigidify it and act as a corset preventing yolk
granules to pass while allowing fluid movement. As a detailed description of the mechanics and
spatiotemporal dynamics of the interface is out-of-scope of this work, we simplified the problem by
describing this as imposing a zero net velocity on the BYI (i.e. inwards movements of granules locally
matching the outwards movements of fluid). By construction, this prevents gradients of velocities
to form at the interface (in contrast to the stress-free case), and causes a stagnation point for
velocities of yolk granules away from the interface (see Figure 7I, right panel for a simulation).
Again, this closely matched the data of Figure 7I (left panel)
Together, this demonstrates that extending the model in two-dimensions can capture key ele-
ments of the complex spatiotemporal dynamics of yolk-fluid segregation post-fertilisation.
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